Aging is the most important single risk factor for developing Alzheimer disease. We measured amyloid-A peptide (AA) levels in rat cerebral cortex and hippocampus during normal aging of BrownNorway/Fischer rats. Amyloid-A accumulation was associated with expression of the AA influx transporter, the receptor for advanced glycation end-products (RAGEs) at the blood-brain barrier. Rats at selected ages from 3 to 36 months were analyzed by 1) immunohistochemistry for amyloid deposition and quantitative microvessel surface area RAGE expression, 2) ELISA for cortical AA40 and AA42 concentrations, and 3) Western blotting of microvessel proteins for RAGE expression. Immunohistochemistry showed increasing accumulation of brain AA with aging. By ELISA analysis, both AA40 and AA42 concentrations in cortical homogenates rose sharply from 9 to 12 months. The AA42 continued to rise up to age 30 months, whereas AA40 stabilized after 12 months. The expression of RAGE initially decreased between 3 and 12 months but then increased between 12 and 34 months by immunohistochemistry. On immunoblotting, RAGE decreased up to 9 months and then progressively increased up to 36 months. These data indicate an association between amyloid and microvessel RAGE during aging. An increase in capillary RAGE expression seems to play a role in the later AA accumulation but not in the initial increase.
INTRODUCTION
Advancing age is considered to be the single most important risk factor for the development of Alzheimer disease (AD) (1Y3). There seems to be a continuum in amyloid-A peptide (AA) accumulation from normal aging to AD, although the molecular basis for this transition is not yet clear. The increasing amyloid burden in AD is thought to be an important component of AD pathogenesis (3Y6). It has been suggested by many authors that the failure to clear AA from the extracellular fluid space of the brain plays an important role in the genesis and progression of AD (7Y10).
Amyloid-A peptide efflux transport across the bloodbrain barrier (BBB) is a critical pathway for AA clearance from the brain, but AA transport seems to be bidirectional and may be concentration dependent in healthy young adults (11, 12) . Amyloid-A peptide BBB efflux transport is via the low-density lipoprotein receptorYrelated protein 1 (LRP-1) and P-glycoprotein (P-gp) (13, 14) . Influx transport is mediated by the endothelial cell receptor for advanced glycation end-products (RAGEs) (15) . Brain AA was initially thought to derive solely from neurons and glia within the CNS (16, 17) . It is now believed that influx transport of plasma AA across the capillary endothelium that is mediated by RAGE expression may be an important source (11, 18Y20) .
The RAGE is expressed in the brain on some neuronal membranes and on the luminal surface of capillary endothelial cells. It is a signal transduction receptor member of the immunoglobulin cell surface molecule superfamily with a number of isoforms that may be functionally important (21Y23). The RAGE interacts with AGEs, the products of nonenzymatic glycosylation and oxidation of proteins and lipids. The AGEs accumulate in normal aging and in many diseases and pro-oxidant states. The AGEs are formed primarily by the reaction of sugars with the amino groups of lysine and arginine (21, 24, 25) . The binding of AGEs to RAGE is thought to be damaging to endothelium in aging and in disease states (26) .
The RAGE also functions as a receptor/transporter for AA and A-sheet fibrils (15, 27) . The RAGE expression has been shown to increase in AD, among other chronic diseases (e.g. diabetes mellitus, atherosclerosis, and cardiovascular disease), chronic inflammatory diseases, renal failure, and cancer (19, 20, 28, 29) . Upregulation of RAGE expression is mediated by several ligands, including AGEs and AA, and by cytokines such as interleukin 1 and tumor necrosis factor by activating nuclear factor-JB (30Y33).
We have previously shown in brain bank specimens that there are significant alterations in the expression of amyloid transport receptor proteins at the BBB in AD compared with age-matched human controls (19, 20) ; this also seems to be the case in some animal models of AD (34) . Expression of the capillary amyloid efflux transporter LRP-1 is decreased, whereas the expression of the amyloid influx transporter RAGE is increased (19) . Furthermore, there is a progressive increase in microvessel RAGE expression from controls through early-stage AD to late-stage AD (20) .
Here, we investigated brain AA accumulation and RAGE expression on brain capillary endothelium in the aging rat to determine when AA begins to accumulate and whether there is an associated increase in BBB RAGE expression, similar to that observed in AD. We report the progressive increase in microvessel RAGE expression after 12 months of age and its temporal relationship to the measured progressive brain amyloid burden beginning between 6 and 9 months in the aging Brown-Norway/Fischer (BN/F) rat.
MATERIALS AND METHODS

Animals and In Situ Perfusion
Male BN/F rats (n = 188) at ages 3 through 36 months were examined. The BN/F rats were chosen because they are long-lived and develop less neoplasia with aging than more inbred strains. Moreover, unlike larger species that develop AA plaques, the life span and availability of the BN/F rats made them an attractive model for studying aging rather than the development of AD. We were able to obtain this strain at most ages up to 36 months from the National Institute of Aging colony. The rats were housed in the Central Animal Facility at Rhode Island Hospital and were provided food and water ad libitum. The Institutional Animal Care and Use Committee at Rhode Island Hospital approved all experiments. Rats were euthanized with intraperitoneal pentobarbital (125 mg/kg) and perfused with PBS via left ventricular cannulation. Twenty-two rats used for immunohistochemistry (IHC) were then perfused with 4% paraformaldehyde; their brains were quickly removed and stored at j80-C until used. For ELISA measurements, the brains of 30 rats were also quickly removed and stored at j80-C immediately after the PBS perfusion. The remaining rats were used for microvessel isolations (MVIs).
Amyloid Immunohistochemistry
Ten-micrometer-thick, 4% paraformaldehydeYfixed, paraffin-embedded tissue sections were incubated in an oven at 60-C for 1 hour and then deparaffinized and rehydrated. After a 20-minute pretreatment with hot (85-C) 10-mmol/L citrate buffer (pH 6.0), sections were quenched with 3% H 2 O 2 and 50% methanol, diluted in distilled water, for 10 minutes. Nonspecific binding sites were blocked by incubation with 5% normal goat serum (Vector Laboratories, Burlingame, CA) for 2 hours at room temperature (RT) before incubation with the primary antibody: either rabbit polyclonal AA40, diluted 1:50 (Linaris, Catalog No. PAK6021, Wertheim-Bettingen, Germany), or AA42, diluted 1:200 (Linaris, Catalog No. PAK6023), overnight at 4-C. The sections were then washed with Tris-buffered saline (TBS) with Tween-20 (TBST) and subjected to a modified ABC technique using the Vectastain Elite ABC Rabbit Peroxidase system (Vector) with 3,3-diaminobenzidine (Vector) as the chromogen. Slides were coverslipped and sealed using Cytoseal, a xylene-based mounting medium (Stevens Scientific, Riverdale, NJ). Primary antibody omission controls were run alongside the other samples to check for nonspecific binding caused by the secondary antibody, along with positive control tissue (human hippocampus with Braak and Braak Stage VI AD pathology).
RAGE Immunohistochemistry
Specimens were snap frozen in liquid N 2 , embedded in OCT compound (Sakura Finetek USA, Inc, Torrance, CA), and cryosectioned at a thickness of 25 Km. After a quick rinse in TBST, sections were quenched in 10% H 2 O 2 for 10 minutes to block endogenous peroxidase activity, followed by a 24-hour blocking period with 5% normal goat serum (Vector) at 4-C. After an overnight incubation at 4-C with a rabbit polyclonal RAGE antibody (1:400; Affinity Bioreagents, Catalog No. PA1-075, Golden, CO), the sections were washed with TBST before application of the secondary antibody. A goat anti-rabbit IgG diluted 1:500 (Vector) was applied for 30 minutes at RT. The ABC detection system (Vector) was used, and the tissue sections were stained using 3,3-diaminobenzidine as the chromogen. Sections were mounted, and slides were coverslipped and sealed as previously described. Primary antibody omission negative controls and positive control (rat lung) were run alongside the other samples.
Image Analysis
Grayscale images were obtained using an Olympus BH2-RFCA microscope (Olympus America, Inc, Mellville, NY) using a 40Â objective. Images were acquired with a CoolSNAP cf camera (Roper Scientific, Tucson, AZ). Random fields (n = 8) were analyzed per specimen (n = 3 per age group; 24 fields per group) to confirm the presence of RAGE in relation to capillary endothelia. Cross sections of cerebral microvessels 10 to 20 Km in diameter were selected in each of the 8 random field images acquired per specimen. Image processing and analysis were performed using NIH Image shareware (National Institutes of Health, Springfield, VA) along with previously reported methods (35, 36) . For surface area calculations, all images were analyzed by the same user at a single sitting to reduce errors associated with this mode of analysis. Using the average of the 8 collected surface areas of capillary endothelial immunoreaction product per animal, statistics were performed as described later.
AA ELISA
Concentrations of AA40 and AA42 in cortical rat brain samples were measured using a sandwich ELISA method (n = 5 for each age group). High-sensitivity ELISA kits (Wako Chemicals, Catalog Nos. 294-64701 and 292-64501, Richmond, VA) were chosen to reduce background and to improve detection of AA40 (sensitivity, 0.049 pmol/L) and AA42 (sensitivity, 0.024 pmol/L). Both kits use a 2Ybinding site sandwich ELISA system designed to specifically detect AA40 and AA42. A monoclonal antibody directed against AA11-28 (BNT77) was used as the capture antibody. It detects full-length AA and AA with a truncated or modified N-terminus. For specific detection of AA40, the monoclonal antibody BA27 directed against the C-terminal portion of AA40 was used, and for AA42, BC05 directed against the Cterminal portion of AA42 was used. Although highly unlikely (given the high specificity of the kits), cross-reactivity of the C-terminal antibodies with other proteins cannot be excluded (37, 38) (Appendix).
Samples of brain tissue were snap frozen in liquid N 2 and then ground into a powder on a bed of dry ice. A 100-mg aliquot of the powder for each sample was transferred to a 1.5-mL conical microtube and extracted by sonication with 1 mL of a 0.2% diethylamine/50 mmol/L NaCl solution. Samples were centrifuged at 16,000 rpm for 2 hours at 4-C, followed by removal of the supernatant (saved as the 0.2% diethylamine extract). Formic acid (70%) was then added to each tube, and the pellet was resonicated. Samples were again centrifuged at 16,000 rpm for 2 hours at 4-C, followed by removal of the supernatant (saved as the formic acid extract). The 0.2% diethylamineYextracted supernatants were diluted 10-fold with 0.5 mol/L Tris-HCl (pH 6.8) for neutralization and vortexed, followed by dilution in 10 volumes of PBS supplemented with 1Â protease inhibitor cocktail (P-2714; Sigma-Aldrich, St Louis, MO). For the formic acidYextracted supernatants, samples were neutralized by a 20-fold dilution with 1 mol/L Tris Base. The AA40 and AA42 concentrations were measured using ELISA kits (Wako Chemicals) according to the manufacturer's instructions. Samples and standards were diluted with the kit standard diluent and added in duplicate to antibody-coated wells of a 96-well microtiter plate. The plates were incubated overnight at 4-C. After washing, samples were incubated for 2 hours (AA40) or 1 hour (AA42) at 4-C in 100 KL of horseradish peroxidaseYconjugated antibody solution. The color was evolved by adding 100 KL of a 3,3 ¶,5,5 ¶-tetramethylbenzidineY containing solution to the wells, and the reactions were terminated 30 minutes later using the kit stop solution. The plate was read on a Multiskan Plus spectrophotometer at 450 nm, and data were analyzed using DeltaSoft3 software. The total protein content of each sample was determined using a BCA Protein Assay kit (Pierce, Rockford, IL), with absorbance read at 562 nm. Total AA concentrations were expressed as picograms per milligram total protein.
Microvessel Isolation and Western Blots
For MVI, the meninges were removed and the brains were placed in ice-cold PBS. The cerebellum, most subcortical structures, and choroid plexus tissues were also removed, leaving the cortex and hippocampus. To obtain sufficient microvessels for analysis, 4 rat brains were used for a single n at each age point, that is, n of 4 = 16 brains. A total of 136 rats were necessary for this analysis. Microvessels were isolated by homogenizing cortex and hippocampus in MVI buffer (103 mmol/L NaCl, 15 mmol/L HEPES, 10 mmol/L glucose, 4.7 mmol/L KCl, 2.5 mmol/L CaCl 2 , 2.5 mmol/L NaHCO 3 , 1.2 mmol/L K 3 PO 4 , 1.2 mmol/L MgSO 4 , 1 mmol/L sodium pyruvate, 1% wt/vol dextran), then adding 26% dextran solution to achieve an approximately 13% dextran/MVI buffer (all chemicals from Sigma). The microvessels were then separated using a basic mechanical separation technique, that is, repeated centrifugation at 4-C, resuspension of the pellets in dextran/MVI buffer, and in most cases, by passage of the MVI through a 100-Km filter and microvessel capture on a 20-Km filter or by adherence to a glass bead column, as previously described (39) . The MVI pellets were treated with protein lysis buffer (Complete Protease Inhibitor Product No. 13191000, Roche Diagnostics Mannheim, Germany) and frozen at j80-C in preparation for protein extraction.
The total protein content of each sample was determined using a BCA Protein Assay kit (Pierce), with absorbance read at 562 nm. The MVIs were tested for contamination by other CNS cell types by light microscopy, after staining with hematoxylin and eosin, and by Western blotting for neuronspecific enolase (NSE), the glial cell marker S100b, and glial fibrillary acidic protein (GFAP). Although it is not possible by the MVI separation method to achieve 100% microvessel purity, we could achieve greater than 95% clean vessels. Only MVIs with little (optical density [OD] G3% of the cortical homogenate OD values) or no neuronal or glial cell membrane contamination were used in the Western blot assessment of RAGE expression.
Approximately 3 mg of microvessels or rat cortex (positive control) were homogenized in protein lysis buffer (Complete Protease Inhibitor Product No. 13191000, Roche). One milliliter of each homogenate was centrifuged at 10,000 Â g for 15 minutes. Protein concentrations were determined using bicinchoninic protein assay reagent (Pierce). Fifty micrograms of each sample was added to NUPAGE sample buffer (Invitrogen, Grand Island, NY). Samples were heated to 95-C for 2 minutes and spun briefly at 1,000 Â g. Samples were run on 4% to 12% NUPAGE Novex Bis-Tris gels in running buffer (Invitrogen) at 200v for 35 minutes. Protein was transferred wet in NUPAGE transfer buffer (Invitrogen). Membranes were stained with Ponceau S, and then blocking serum (5% nonfat milk; Sigma) was applied. The following primary antibodies and dilutions were used: RAGE, 1:10,000 (polyclonal rabbit, no. PA1-075; Affinity Bioreagents); S-100b 1:10,000 (mouse monoclonal, no. ab4066; Abcam, Cambridge, MA); A-actin, 1:10,000 (mouse monoclonal, no. A 5441; Sigma); GFAP, 1:1000 (mouse monoclonal, no. ab10062; Abcam); and NSE, 1:10,000 (polyclonal rabbit, no. ab16873; Abcam). Secondary antibody was used at a concentration of 1:50,000. Western Blotting Detection Reagent (Supersignal West Pico Enhanced ECL, Pierce) was added, and blots were developed. Controls established the specificity of the antibodies used in the Western blotting analyses. Negative controls were used to ensure that no protein species could be detected on immunoblots when proteins were incubated with preimmune serum or by incubating without the primary antibody.
Statistical Methods
All statistical analyses were carried out using SAS version 9.2 (SAS Institute, Cary, NC). Increases in AA40 and AA42 concentrations over time were initially compared with their respective concentrations at the 3-month time point by 1-way analysis of variance, with multiple comparisons adjusted by the Bonferroni method. Means, SEs, and p values (analysis of variance) are reported for each age group primarily for context. Piecewise regressions using PROC MIXED were used to test for changes in amyloid concentration and RAGE expression and to compare the changes in these metrics over time. The assumption of homogeneity of regression was verified by first running the model with covariance parameters for each age group and checking the null model likelihood ratio test for the covariance parameters. The AA40 and AA42 had variances that systematically increased with their mean in their natural scale, but which were corrected using a square-root transformation. The transformed values were also better fit by the accelerating accumulation of the model for the first several ages, although it still overestimated values at 9 months for both amyloid peptides. A more complex curve (logistic) would be more appropriate for the shape but could not be used because there were insufficient ages for which to fit relative to the number of parameters. All models satisfied the homogeneity of regression assumption; therefore, the covariance parameters were removed in the models presented, reducing them to piecewise regressions with 2 phases. The slope for the first phase for surface area RAGE was between 3 and 12 months and represented a simple comparison of means, which was expressed as such by setting the coefficient of the contrast to 9.
Three effects were tested in each model: 1) the phase 1 slope was compared with 0 (early accumulation); 2) the phase 2 slope was compared with 0 (late accumulation); and 3) the phase 1 slope was compared with the phase 2 slope (change in rate of accumulation). The first and third comparisons were part of the omnibus model (age, offset age phase); the second comparison was not and was carried out post hoc. Despite being a single planned follow-up comparison, this p value was adjusted for > inflation by a factor of 2 using the Bonferroni adjustment to be conservative.
RESULTS
Amyloid Accumulation
As indicated by both IHC and by ELISA, amyloid accumulated during the course of aging in the BN/F rat model (Fig. 1) . There was only scant staining of AA42 by IHC at 3, 6, and 9 months (not shown). At 12 months, there was increased AA42 staining in cortical neurons in and around cortical and hippocampal blood vessels, in the lateral ventricle choroid plexus epithelium, and in ependymal cells (Fig. 1A) . This staining was much more evident at 30 months and was diffusely apparent in the cortical parenchyma and in neurons and meninges; it was even more evident in perivascular spaces (Fig. 1B) . A remarkable increase in granular neuronal AA42 staining in the cortex and hippocampus was prominent in the 30-month animals compared with the earlier age groups; these granular AA42 accumulations likely represent some degree of self-aggregation. Unlike AA42, there was moderate AA40 staining in cortical neurons and around blood vessels at 3 months and progressive increase in staining through 30 months. In addition, there was widespread granular neuronal AA40 staining throughout the hippocampus at 30 months.
The ELISA measurements for AA40 and AA42 confirmed the accumulation seen on IHC. Figure 1C compares all older age groups to the 3-month age group for both peptides. The ELISA measurements also demonstrated a difference in the accumulation profiles of the 2 peptides. These apparent differences were measured by slope analysis (Fig. 2) . At 3 months, the AA40 concentration was 1.64 T 0.49 pg/mg total protein (mean T SEM). The concentration rose to 6.62 T 1. Figure 3A shows an example of an MVI by light microscopy. The microvessels are intact with no evidence of other CNS cells or debris. Immunoblots for NSE, a generally accepted marker for neuronal cell membranes, showed minimal evidence of NSE in the MVI compared with control cortical homogenates. Immunoblots for S100b, which is expressed only on glial soma also showed little expression (Fig. 3B) . A representative immunoblot age range for microvessel RAGE expression is shown in Figure 3C . The RAGE was expressed only on capillary endothelial cells and on neurons in the rat brain by IHC (Fig. 4) . We found no evidence of RAGE immunostaining on either astrocytes or oligodendrocytes.
Microvessel Isolations
All MVI immunoblots were run alongside a cortex sample. After RAGE content was measured, the blot was stripped and tested for NSE and S100b contamination using the cortex sample as the positive control. The fraction of NSE and S100b contamination of the MVI samples was calculated with cortex as 1.00. The fraction of NSE contamination was 0.018 T 0.002 (mean T SEM) and that of S100b was 0.022 T 0.003 for the 31 samples used. There were 3 samples in which the NSE contamination was 0.105 T 0.005 and 0.113 T 0.008 for S100b. These samples were excluded from the Western blot RAGE analysis. Because we saw no evidence on Western blot for significant amounts of NSE or for S100b, we are confident that the MVIs used for Western blot analysis of RAGE expression were relatively free of other RAGE-expressing cell populations (G3% compared with cortex).
Expression of the AA Influx Transporter RAGE
Immunohistochemistry and Western blotting quantified microvessel expression of RAGE over time in the cortex and hippocampus. Immunohistochemistry expression of RAGE on microvessels and on neurons at 3 and 30 months is shown in Figure 4 . At 3 months, neuronal RAGE immunoreactivity was widespread and robust, but it became less evident in the BN/F rat as a function of age. In contrast, RAGE expression in microvessels decreased between 3 and 12 months and then increased thereafter. The RAGE, as measured by microvessel surface area staining on multiple immunostained sections, was expressed as normalized surface area in square micrometers. The normalized surface area of microvessel staining for RAGE at 3 months was 12.2 T 0. (Fig. 5A ). Analysis of Western blotting for microvessel RAGE expression showed remarkable similarity to RAGE expression as measured by IHC surface areas with improved resolution. After observing the decrease in RAGE expression between 3 and 12 months by IHC, we added a 6-and 9-month age group to the immunoblots. Relative RAGE expression was reported as the blot OD, estimated by pixel density. Optical density mean values decreased monotonically from 3-to 9-month-old rats, suggestive of a negative trend during the first 9 months, but the trend did not quite reach significance (slope, j0.9535 T 0.5729 OD units/month, p = 0.1072). After 9 months, RAGE OD values progressively increased through 36 months, although the expression at 12 months was still slightly lower than that at 3 months (slope, 0.6528 T 0.1273 OD units/month, p G 0.0001; change in slope, 1.6064 T 0.6534 OD units/month, p = 0.0204; Fig. 5B ).
Concurrent Changes in RAGE, AA40, and AA42
The AA40 and AA42 were both measured in the same rats, permitting statistical assessment of the association of their relative changes across ages. Ordinary least squares regression indicated that there was a significant association between these changes of 0.3924 T 0.0503 root (pg/mg) AA42 for each 1.0 root (pg/mg) change in AA40, p G 0.0001 adjusted r 2 = 0.6736. The amyloid concentrations were measured in different rats from those in which Western blot capillary RAGE or microvessel surface area RAGE expression was measured (which were also different samples), although all animals came from the same NIA rat colony and were genetically similar. The use of different animals precluded direct statistical analysis of their associations. Figure 6 allows for visual inspection of the similarities and differences of their changes in comparably aged animals. Figure 6 double plots RAGE expression, as measured by immunostained surface area, and RAGE expression, as measured by Western blotting. These plots show a close association between the 2 RAGE measures. The AA40 and AA42 accumulation during aging in the rat is shown in parallel. When RAGE expression is level or possibly decreases during the first 9 months of life, amyloid is in the early part of its accelerating accumulation. Between 9 and 12 months, microvessel RAGE expression no longer degreases but begins to Representative Western blot of a full series of age groups comparing neuron-specific enolase (NSE) and S100b expression in MVI to cortical homogenates. There is minimal staining for NSE and S100b across all age groups, confirming that neither neuronal membrane nor glial membrane proteins are detected in the protein extracted from the MVI preparations. Cortex = cortical homogenate (+, positive control; j, negative control; absence of specific antibody). (C) An example of Western blot receptor for advanced glycation end-products (RAGE) expression in MVI proteins extracted from all age groups. Note apparent decrease in RAGE immunoblots from 3 to 9 months and then a progressive increase from 12 to 36 months. increase in expression. Amyloid accumulates at its highest rate between 9 and 12 months. The RAGE continues to increase for the remainder of the life span of the rat, and AA42 continues to accumulate but at a slower rate. The AA40, as shown, does not accumulate significantly after 12 months.
DISCUSSION
Amyloid production, processing, and clearance are a very complex series of events that depend on a number of enzymatic and nonenzymatic carrier and transport steps. Once AA is released into the extracellular fluid space, however, its accumulation is primarily dependent on transport into and out of the CNS, mainly by way of the BBB in healthy young adults, and to a lesser extent by way of the cerebrospinal fluid circulation and via choroid plexus transport (10, 11, 13, 40, 41) . Solute clearance is initiated by diffusion and the bulk flow of interstitial fluid to the perivascular, ventricular, and subarachnoid cerebrospinal fluid (13, 42, 43) . In situ degradation accounts for a relatively small portion of AA disposal (44) . Accumulation of AA, as demonstrated in this rat model, begins to occur surprisingly early in the aging process. There are also indications that changes in the brain associated with the agerelated dementias begin in early middle age in humans. For example, studies of gene profiling in human brain aging have defined genes that are important to cognition with reduced expression soon after age 40 years (2, 3) .
Studies of AA accumulation in Fischer rats have shown an increase in amyloid at several time points between 3 and 30 months by qualitative histological methods (45) . Amyloid-A peptide has also been shown to be increased in cats aged 16 to 21 years compared with cats younger than 4 years (46) and in aged cognitively impaired rats (47) . Amyloid has also been shown to accumulate in the senescence-accelerated-prone 8 mice, a mouse model of accelerated aging and AD (48) . Systematic quantitative studies of AA deposition at multiple age points in rodent brains, however, are not easily found. Studies of amyloid deposition in human brains have shown that amyloid does accumulate in the brains of nondemented 
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Western blot RAGE expression shows a nonsignificant trend toward a decrease between 3 and 9 months (p = 0.1072) followed by a marked increase up to 36 months (p G 0.0001). Surface area RAGE expression, n = 3 rats per age group (8 fields per rat). Microvessel immunoblots, n = 3 to 5 per age group. Each n is 4 rat brains. Gray lines show 95% confidence interval. aging subjects, similar to what we found in the BN/F rat, but these studies are mainly histological and are primarily focused on elderly populations (49Y55).
It is recognized that AD is a multifactorial disease, with aging playing a major role, and that AA accumulation seems to be an integral part of the disease (6); however, its accumulation in AD does not correlate well with the onset and progression of clinical impairment (50, 51) . We show that AA accumulation in normal aging in the rat may also be multifactorial, including perhaps, different efflux transport rates of AA40 compared with AA42 and alterations in AA BBB transport receptor expression. In the young rat, AA40 is the more common of the amyloid peptides and seems to be transported out of the brain across the BBB with reasonable facility. By contrast, AA42 is less abundant early in life but also seems to be less easily transported out of the CNS. This is also true for measures of human AA transport in rats (56) . In our study, AA42 began to accumulate at 9 months and rose rapidly between 9 and 12 months. At 3, 6, and 9 months, there is more AA40 than AA42, but by 12 months, the more difficult to transport AA42 predominates. After 12 months, AA40 concentration plateaus and seems to reach a new steady state wherein production and removal are seemingly in balance; however, AA42 continues to rise significantly up to age 30 months.
It is likely that the rise in AA42 is the result of more than a single factor. Our data demonstrate a parallel between AA42 accumulation and increasing capillary RAGE expression after 12 months; AA accumulation is likely less dependent on RAGE expression before 12 months. We have preliminary data suggesting that a decrease in efflux transporter expression (LRP-1 and P-gp) begins relatively early in aging (by È9 months) and is progressively downregulated during the lifetime of the rat (57) . These efflux transport alterations may play a part in both the early and later amyloid accumulation. We have also demonstrated a decrease in cerebrospinal fluid production and turnover later in aging that may play an important role in the later increase in amyloid burden (10, 57) . The accumulation of AA with aging seems to be a combination of decreased efflux transport of endogenously generated AA and increasing influx transport from the vascular compartment. It is likely that the proportions from each AA source change with time.
We found IHC evidence for both neuronal and microvessel but not glial RAGE, and the immunoblots showed little or no evidence of RAGE-expressing cell populations other than microvessels in the MVIs. It has been reported that RAGE is only expressed on endothelial cell membranes and on certain cortical and hippocampal neurons in the brains of normal control patients and those with diabetes mellitus (22, 27) . In AD patients, however, RAGE staining has been described in astrocytes, colocalizing with AGEs and AA (27) . The MVIs showed positive bands for GFAP (data not shown), as has been described by others (58, 59) . The GFAP bands are caused by the dense adherence of these protein fibrils to the capillary basement membrane.
The expression of RAGE is upregulated and downregulated in various cells at different ages. For example, RAGE expression in heart muscle is downregulated with age (25) , and in an aging AD mouse model, microglial RAGE expression decreases as AA increases (60) . The expression of RAGE is high in the brain during early development and then decreases with maturation (61). Between 9 and 12 months, when AA begins to rapidly accumulate in the cortex and hippocampus, we found that microvessel RAGE expression is the same or possibly less than at 3 months. By immunoblot measurements, RAGE seemed to decrease from 3 to 9 months and then began to increase up to 12 months. It seems unlikely, therefore, that microvessel RAGE expression has much influence on the initial increase in AA40 or AA42 retention, but the later AA42 accumulation may be caused, at least in part, by BBB RAGE overexpression. Certainly, the dramatic increase in capillary RAGE expression, from 12 months onward, parallels the marked rise in AA42 burden with aging. The parallels in RAGE overexpression in aging with those observed in early and late AD are also quite striking (20) .
The expression of RAGE is dependent on environmental cues (28, 62) , and its expression may have beneficial as well as detrimental biologic effects. During normal development, RAGE expression is high in the CNS and it interacts with amphoterin (high-mobility group box 1), a molecule that promotes neurite outgrowth (61) . In diabetes, RAGE is overexpressed and binds AGEs, resulting in damage to multiple cell functions (28) . The AA also interacts with RAGE, and endothelial RAGE expression increases dramatically in AD (19, 20) . Ligands that interact with RAGE activate nuclear factor-JB, which signals a number of pathological events, including the upregulation of RAGE itself (28, 30, 32) . Moreover, there is decreased methylation of the promoter region of the RAGE gene with aging that likely results in increased FIGURE 6 . Relationship between the 2 measures of receptor for advanced glycation end-products (RAGE) expression and amyloid-A peptide (AA) accumulation. There is a close relationship between the means of the 2 different measures of RAGE expression. Between 9 and 12 months, there is an increase in both RAGE (Western blot) and mean AA levels. The expression of RAGE then increases throughout the lifetime of the rat (surface area and Western blot). The AA40 increases until 12 months and then plateaus, whereas AA42 continues to increase up to 30 months.
RAGE expression (63) . It seems likely that increased accumulation of AGEs and the increase in AA in early aging along with the increase in cytokines associated with both aging and AD lead to the decrease in promoter methylation and signal the upregulation of endothelial RAGE expression in the cerebral vasculature.
In summary, we have shown a relatively early increase in AA40 and an even earlier and progressive increase in AA42 accumulation with normal aging in the BN/F rat, beginning initially between 6 and 9 months and progressing rapidly between 9 and 12 months of age, that is, about one third of the way through the life span of the BN/F rat. We also show that RAGE expression, although initially trending toward a decrease after 3 months, begins to increase between age 9 and 12 months and progressively increases on brain capillary endothelium thereafter. This increase in capillary RAGE expression seems to be associated temporally, although not exclusively, with the later augmentation of the brain AA burden. Further studies are necessary to determine whether these same findings are present in aging human brains. If so, this increased age-related microvessel RAGE expression may be a significant part of the explanation as to why aging is the most important single risk factor for the development of AD.
TBST. The same washing and soaking cycle with TBST was applied to the membrane. Visualization was performed using the enhanced chemiluminescence detection system (Pierce) according to the manufacturer's instruction by exposing the membrane to an autoradiography film (Fisher). Protein was determined by the bicinchoninic method; 40 Kg was loaded per well, and bands were compared with A-actin (Sigma) loading controls. Positive and negative controls were also performed (data not shown). Positive AA controls were AA40 and AA42 standards (rodent-specific AA40, Catalog No. H-5638, and AA42, Catalog No. H-5966; Bachem, Torrance, CA). Negative controls were the absence of the primary antibody. Differences in AA40 and AA42 concentrations between 3 and 30 months of age were determined by OD measurements using a calibrated OD step tablet that converts pixel density to OD values (ImageJ program, http://rsb.info. nih.gov/ij/download.hyml).
We also performed dot blots for the 2 peptides at 3 and 30 months (n = 4 for each age group); 2-KL samples of lysate were added to a nitrocellulose membrane (Amersham Bioscience) and dried. The membrane was treated with either AA40 or AA42 antibody and exposed to autoradiography. The ImageJ program was used to determine the integrated area of pixel density of the AA40 and AA42 dot blots. The integrated density was measured by outlining each dot after background correction. Positive and negative controls were also tested (data not shown). Student t-test was used to compare Western blot OD values and dot blot integrated densities at 3 and 30 months for the peptides.
As others have reported, we found that measurements of AA40 and AA42 by Western blotting are technically difficult in the nontransgenic rat (Lanz TA, Schachter JB. Demonstration of a common artifact in immunosorbent assays of brain extracts: development of a solid-phase extraction protocol to enable measurement of amyloid-A from wild-type rodent brains. J Neurosci Methods. 2006;157:71Y81). The 2 peptides oligomerize rapidly in wild-type rats so that monomeric AA40 and AA42 are scant and not representative of the amount of AA peptides present. In the technique that we used, the most abundant form of AA40 and AA42 was the trimeric oligomer that migrates at 14 kd; therefore, the trimeric bands were selected for comparisons.
There was a marked increase in AA40 and AA42 concentrations between 3 and 30 months in both the Western blots and dot blots. For AA40, the OD value for the Western blot trimeric form at 3 months was 0.12 T 0.02 (mean T SEM); at 30 months, it was 0.58 T 0.02, p = 0.0001 (Figure, Supplemental Digital Content 1, http://links.lww.com/NEN/A71). The integrated density value for the dot blot was also increased at 30 months compared with 3 months. For AA40, the integrated area of pixel density at 3 months was 3284 T 839 and 6031 T 840 at 30 months, p = 0.03. For AA42, the Western blot trimeric oligomer OD value at 3 months was 0.10 T 0.01; at 30 months, it was 0.31 T 0.04, p G 0.002 ( Figure,  Supplemental Figure 2 , http://links.lww.com/NEN/A72). The integrated area of pixel density for the dot blot was also increased in the aged animals compared with the young. For AA42, the integrated area of pixel density at 3 months was 2,244 T 203; at 30 months, it was 4,084 T 312, p = 0.002.
These data show an absolute increase in AA40 and AA42 in rats at 3 versus 30 months of age. The few articles referencing measurement of AA40 and AA42 in wild-type rats by Western blotting also show that oligomeric forms predominate; most commonly, they are the trimeric form and larger oligomers (Han 
